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of semaphorins. Neuropilin-2 CUB domains were fused GPI linking the ectodomain to the cell surface. This con-
to the neuropilin-1 coagulation factor, MAM, transmem- struct, too, produced a functional response in retinal
brane, and cytoplasmic domains. The chimeric receptor ganglion cells, although the repulsion appeared to not
demonstrated neuropilin-2-like binding (Nakamura et be as potent as in cells expressing wild-type neuropi-
al., 1998). Some discrepancies in the binding data, which lin-1. Thus, the extracellular domain of neuropilin-1
may be due to the particular constructs used in the two alone is sufficient to mediate a repulsive response,
studies, make the role of the coagulation factor domains strong evidence that neuropilin-1 multimers form a re-
for binding more difficult to determine. ceptor complex with an unidentified but promiscuous
Binding studies alone, however, are not proof of func- accessory molecule that transduces the collapse signal.
tional specificity. Giger et al. addressed the issue of As a recent study has shown that neuropilin-1 serves
functional specificity by fusing the CUB and coagulation as a nonsignaling coreceptor with a receptor tyrosine
factor domains of neuropilin-2 to the MAM, transmem- kinase for the vascular endothelial growth factor VEGF
brane, and C-terminal domains of neuropilin-1 and ex- (Soker et al., 1998), one is tempted to speculate whether
pressing the chimeric receptor in sensory neurons. The the mystery molecule is another receptor tyrosine ki-
neurons, normally repelled by SemaIII but unaffected nase. Future studies will focus upon identifying this
by SemaIV, now grew away from a SemaIV source (Giger missing partner, and on further elucidating the signaling
et al., 1998). This experiment demonstrated that the CUB cascade downstream of neuropilin binding, which ulti-
and coagulation factor domains are sufficient for confer- mately leads to the depolymerization of the actin cy-
ring functional specificity of the receptor. Further studies toskeleton.
showed that binding of the Ig-basic ligand to the coagu-
lation factor domain was not sufficient to confer a col-
Adina L. Roskieslapse response, suggesting that sema binding to the
NeuronCUB domain is necessary for a functional response
(Giger et al., 1998). Taken together, the binding and
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has raised the question of whether neuropilin multimers
are sufficient to transduce repulsive signals, or whether
they form part of a larger receptor complex (Feiner et
al., 1997; Chen et al., 1998). Takahashi et al. (1998) have Making Proteins at the Synapse:shown that expression of neuropilin-1 in E8 retinal gan-
glion cells, which normally lack neuropilin-1, results in Activity-Regulated Translation
a repulsive response to SemaD, suggesting that neuro- and CPEB
pilin dimers do not require accessory molecules to func-
tion. However, further tests of this hypothesis have led
to surprising results. Nakamura et al. fused neuropilin-1
Cytoplasmic polyadenylation element binding proteinectodomains to the transmembrane and cytoplasmic
(CPEB) is a sequence-specific RNA binding protein thatdomains of neuropilin-2 and L1, a cell adhesion molecule
was originally identified as playing a role in the transla-unrelated to the neuropilins. Both constructs produced
tional control of c-Mos kinase in oocyte maturation (dea collapse response in retinal ganglion cells presented
Moor and Richter, 1997). Wu et al. (1998), in this issue ofwith SemaD. Taking this approach to the limit, they re-
moved transmembrane and cytoplasmic sequences, Neuron, present compelling observations that indicate a
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role for CPEB in activity-dependent translation of cal- dendrites. The present study supplies a relatively rapid
and simple PCR-based assay for the CPEB-linked mecha-cium and calmodulin-dependent kinase II (CaMKII) in
brain. CPEB is a z62 kDa cytoplasmic protein that pos- nism. Thus, it will be straightforward to determine which
of the many candidate dendritic mRNAs may be regu-sesses two RNA binding motifs and a zinc finger±like
motif. Together, these motifs are required for binding lated by CPEB. It may also be possible to adapt this
assay to define the site of CPEB activity using in situto a defined RNA sequence (UUUUUAUU), termed the
cytoplasmic polyadenylation element (CPE) (Hake et al., PCR followed by hybridization with conditions that de-
tect long poly(A) sequences. Moreover, it should be pos-1998). The CPE has been described in several mRNAs
and is frequently in the 39 UTR near the polyadenylation sible to directly test whether dendritic translation of
identified mRNAs is dependent on CPEB mechanisms,signal sequence (AAUAAA). There is variability in the
spacing between the CPE and the polyadenylation se- for example, by expressing the modified mRNA as a trans-
gene in mice. If the CPEB-linked mechanism is correct,quence, and this spacing may be important in defining
the activity of CPEB. CPEB binding to mRNA appears we would anticipate that activity-induced synthesis of
CaMKII will be selectively disrupted by single nucleotideto be stimulus independent (Hake et al., 1998), and upon
appropriate activation of the cell, CPEB induces length- substitutions in the 39 UTR. It should be noted that other
translation regulatory mechanisms may also be relevantening of the poly(A) tail of the mRNA by poly(A) polymer-
ase. Poly(A) tail lengthening in turn is linked to 59 capping at synapses. For example, components of the rapa-
mycin-sensitive S6 kinase pathway are also present inof the mRNA and enhanced translation (Kuge and Rich-
ter, 1995). Certain mechanistic details regarding activa- spines (Burnett et al., 1998). These other translation reg-
ulatory mechanisms should be considered in light of thetion of CPEB, its facilitation of translation, and its precise
binding requirements remain to be determined. fact that of the aforementioned dendritic mRNAs, only
CaMKII has a recognizable CPEB site.With this background, the authors of the present re-
port demonstrate that CPEB binds the 39 UTR of CaMKII Locally synthesized proteins may be hypothesized to
exert a regulatory role on the function of preexistingmRNA, that binding is dependent on two sequence ele-
ments in the 39 UTR, and that translation efficiency of proteins in the spine and synapse. The association be-
tween CaMKII activity and synaptic plasticity is wellengineered CaMKII mRNAs injected in oocytes is depen-
dent on the natural CPE. The authors examine the in documented, and the 70% increase in CaMKII protein
levels reported by Wu et al. (1998) could plausibly altervivo relevance of this translation regulatory mechanism
by using a classical dark rearing paradigm to demon- synaptic function. The functional contribution of other
putative dendritically synthesized proteins is less clear.strate correlated, activity-dependent poly(A) lengthen-
ing of CaMKII mRNA and de novo synthesis of CaMKII Arc (also termed Arg 3.1) is an immediate-early gene
(IEG) that possesses features of a cytoskeletal proteinprotein. The proposed site of CaMKII synthesis at syn-
apses will require independent anatomic confirmation; (Lyford et al., 1995). In recent studies, we find that Arc
binds to the C-terminal association domain of CaMKII,however, the study reminds us that translation is highly
regulated and provides a testable, mechanistic frame- suggesting that Arc functions as a physical tether for
CaMKII.work for localized, activity-dependent protein synthesis
in neurons. Because Arc mRNA is rapidly and transiently induced
by synaptic activity, it has provided a unique tool toClassical studies demonstrated that rapid, de novo
protein synthesis is required for long-term memory and study mechanisms that may target newly synthesized
mRNA. Arc mRNA is transcriptionally induced by synap-suggested that this may occur, at least in part, at individ-
ual synapses (Steward, 1997). Recent work has defined tic NMDA receptor activation (Lyford et al., 1995). The
mRNA is distributed to distal dendrites over the timethe discrete temporal and spatial specificity of the re-
sponse, as well as the synaptic stimulus parameters course of z1 hr. Arc mRNA is then selectively accumu-
lated in response to localized synaptic input (Stewardthat underlie a protein synthesis±dependent late phase
of homosynaptic potentiation (Frey and Morris, 1997). et al., 1998). The synaptic pharmacology mediating lo-
calized Arc mRNA accumulation remains to be deter-Indeed, it has become a reasonably strong hypothesis
that each synapse may be an individual compartment mined, as does the potential generality of the RNA tar-
geting phenomena. The fact that Arc is regulated as anfor regulated translation.
We have come to anticipate that basic cell biological IEG suggests an additional level of complexity, in that it
mechanisms may be employed in multiple tissues and may define a time window during which the translational
developmental stages. Oocyte maturation is programmed response is modified in previously active neurons.
by maternal mRNAs that are blocked from translation In view of the great interest and potential of the local
during oogenesis but are activated in a coordinate, hier- synaptic translation hypothesis, the present description
archical manner following hormonal stimulation (de of an activity-dependent CPEB-linked translational mech-
Moor and Richter, 1997). Might such a complex program anism is a welcome new insight that is likely to usher
pertain to individual synapses? It is anticipated that rapid progress in this field.
translation of other mRNAs present in dendrites may
be similarly regulated by changes in poly(A) tail length.
Paul WorleyRecent studies suggest that several tens of mRNA spe-
Department of Neurosciencecies may be present in the dendrite (Crino and Eberwine,
Johns Hopkins University1996), and there is suggestive evidence that CaMKII
School of Medicine(Ouyang et al., 1997), Arc (Steward et al., 1998), and
CREB (Crino et al., 1998) may be synthesized locally in Baltimore, Maryland 21205
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Selected Reading The convergence of structural biology and mutational/
biophysical analyses has again been elegantly played
Burnett, P.E., Blackshaw, S., Lai, M.M., Qureshi, I.A., Burnett, A.F., out in two papers published in last month's issues of
Sabatini, D.M., and Snyder, S.H. (1998). Proc. Natl. Acad. Sci. USA
Nature and Neuron, illuminating structure/function rela-95, 8351±8356.
tionships of glutamate-gated ion channels. Progress to-Crino, P.B., and Eberwine, J. (1996). Neuron 17, 1173±1187.
ward this goal began almost a decade ago when a num-Crino, P., Khodakhah, K., Becker, K., Ginsberg, S., Hemby, S., and
ber of the glutamate receptors were characterized byEberwine, J. (1998). Proc. Natl. Acad. Sci. USA 95, 2313±2318.
cloning (reviewed by Green et al., 1998). Sequence com-de Moor, C.H., and Richter, J.D. (1997). Mol. Cell. Biol. 17, 6419±
parisons revealed that the mammalian glutamate-gated6426.
ion channels have regions of weak sequence similarityFrey, U., and Morris, R.G.M. (1997). Nature 385, 533±536.
with the bacterial periplasmic amino acid binding pro-Hake, L.E., Mendez, R., and Richter, J.D. (1998). Mol. Cell. Biol. 18,
685±693. teins (QBP; Nakanishi et al., 1990). Fortuitously, the
structures of QBP had already been solved and wereKuge, H., and Richter, J.D. (1995). EMBO J. 14, 6301±6310.
known to include two lobes separated by a cleft. TheseLyford, G.L., Yamagata, K., Kaufmann, W.E., Barnes, C.A., Sanders,
L.K., Copeland, N.G., Gilbert, D.J., Jenkins, N.A., Lanahan, A.A., and structures provided insight into the mechanism of ligand
Worley, P.F. (1995). Neuron 14, 433±445. binding and suggested a ªvenus fly-trapº model in which
Ouyang, Y., Kantor, D., Harris, K.M., Schuman, E.M., and Kennedy, glutamine binds and induces closure of the binding site
M.B. (1997). J. Neurosci. 17, 5416±5427. around itself. Assuming that these regions of sequence
Steward, O. (1997). Neuron 18, 9±12. similarity maintain their structural relationships to one
Steward, O., Wallace, C.S., Lyford, G.L., and Worley, P.F. (1998). another in the glutamate-gated ion channels, the predic-
Neuron 21, 741±751. tion is that the conserved domains would traverse two
Wu, L., Wells, D., Tay, J., Mendis, D., Abbott, M.-A., Barnitt, A., noncontiguous regions, with the first conserved domain
Quinlan, E., Heynen, A., Fallon, J.R., and Richter, J.D. (1998). Neuron
(S1) positioned just before the first membrane-spanning21, this issue, 1129±1139.
domain (TM1) and the second conserved domain (S2)
between TM3 and TM4.
A second important step in understanding the struc-
ture/function relationship of ligand-gated ion channels
came from a tour-de-force study by Stern-Bach et al.Crystal Clear Structure/Function (1994), in which they systematically swapped the con-
served S1 and S2 domains between the AMPA receptorRelationships for GluRs
subunit GluR3 and the kainate receptor subunit GluR6.
The beauty of this type of approach is that the sophisti-
cated means of measuring and characterizing the kinet-For decades, the ion channel biophysics community has
ics, voltage dependence, and pharmacological responsesbeen probing the structure of ion channels with cryo-
of the GluR3 and GluR6 subunits provides the ground-electron microscopy, scanning cysteine mutatgenesis,
work for relating specific protein domains to specificand domain swapping (reviewed by Armstrong and Hille,
functional properties at the level of a single channel1998; Colqhoun and Sakmann, 1998; Green et al., 1998).
molecule. For example, Stern-Bach et al. (1994) demon-What set them apart from those studying the structure/
strated that only by exchanging both the S1 and S2function of molecules such as enzymes was their unique
domains could the distinct pharmacological profile ofability to examine the functional properties of single
the recipient be converted to that of the donor. Basedion channel molecules. With the publication of a set
on this work, subsequent studies demonstrated thatof papers in Science from the MacKinnon lab about 8
constructs containing the (AMPA) GluR2 S1 and S2 do-months ago, the eyes of the ion channel community
mains (joined by a short linker) and the (AMPA) GluR4feasted on the first high resolution images of the crystal
S1 and S2 domains could be expressed in insect andstructure of an ion channel, the K1-selective ion channel
bacterial cells and were capable of binding agonist withfor Streptomyces levidans (KcsA). Doyle et al. (1998)
affinities expected for activation of the native receptorsgave us insights into the dimensions of the selectivity
(Arvola and Keinanen, 1996). The reductionist approachfilter; i.e., how this channel protein permits larger K1
of these papers set the stage for the work featured inions but not smaller, equally charged Na1 ions through.
the two recent papers.These images also allowed us to actually see how many
In an elegant study published last month, the GouauxK1 ions can crowd into the filter and whether they move
laboratory (Armstrong et al., 1998) has solved the struc-through individually or en masse. Equally amazing as
ture of the rat GluR2 S1±S2 alternatively spliced ªflopºthe KcsA structure was the realization that an extremely
isoform (one of two splice variations that produces dif-accurate and precise model of K1 channel structure
ferences in response to agonist) bound to the glutamatehad been derived from biophysical experiments. This
analog, kainate (KA), to a resolution of 1.9 AÊ . Despiteconcordancy of structural and biophysically derived
the meager primary sequence similarity between GluR2models adds validity to the continued use of combined
S1±S2 domains and QBP, the bilobed structure thatmutational and single channel analyses for channels
emerges has a striking resemblance to that of QBP. Notwhose structures have yet to be revealed from their
only are the overall dimensions of the two structurescrystals. Last but not least, the crystal structure of the
very similar, but also the ligands bind in equivalent do-bacterial K1 channel revealed a remarkable conserva-
mains. In the Gouaux GluR2 crystal structure (see fig-tion of K1 channel structure from prokaryotes to eukary-
ure), KA binds in a crevice that forms between the S1otes, despite the divergence in primary amino acid se-
quence (MacKinnon et al., 1998). and S2 domains and that is made up of four a helicies
